Photoelectro-Fenton (PEF) was carried out for concurrent removals of inorganic and organic pollutants with simultaneous applications of two different anodes (iron and copper). Cadmium and Direct Orange 26 (DO26) were selected as samples of the contaminants of textile wastewater and influential parameters (pH, current density, H 2 O 2 dosage and electrolysis time) of PEF were evaluated on Cd and DO26 removals. Both mechanisms of coagulation and oxidation affected the removal of both pollutants. Optimal conditions were achieved with pH ¼ 4.0, current density of 5 mA/cm 2 , 3 mM H 2 O 2 and 40 min electrolysis time, and under these conditions, the dye was completely removed and the Cd removal efficiency was about 80%. Unlike H 2 O 2 , persulfate had no scavenging effect in high dosages. The effects of different anions and two matrixes (tap water and wastewater) on Cd and dye removals were investigated. The results showed that decolorization was reduced by the phosphate and nitrate ions while chloride ion accelerated the decolorization rate. In terms of Cd removal, no significant change was observed in the presence of the anions except for phosphate ion. The sludge of PEF was assessed by Fourier transform infrared, field emission scanning electron microscope and energy-dispersive X-ray spectroscopy.
INTRODUCTION
The textile industry produces an effluent containing different organic and inorganic compounds. Large amounts of dyestuffs are utilized for the dyeing process of fibers, including a broad range of organic dyes with various structures' which often include aromatic structures. Many of these dyes are toxic or even carcinogenic with long turnover times in humans and animals (Ghanbari & Moradi ; Jorfi et al. ) . These compounds have to be resistant to light, detergents and biodegradation. Hence, the dyes are considered as recalcitrant pollutants, since they contain functional groups of nitro, azo or sulfonate (Yagub et al. ; Jorfi et al. ) . On the other hand, heavy metals are other pollutants of textile wastewaters which originate from printing, sizing and washing processes. Heavy metals are not biodegradable materials and tend to be accumulated in tissues of living organisms. Heavy metals affect humans in various ways: they cause cancer, affect the internal organs, weaken bones, damage the nervous system and can even cause death at higher concentration ( Järup ) . The simultaneous presence of dye and heavy metal in effluent can be a serious threat for human health and the ecosystem, since they may have a synergistic effect on human health. Therefore, they should be effectively removed from the effluent (Ghaedi et al. ) . Besides, the presence of two pollutants with different natures makes it difficult to select an efficient process for removing them, since the dyes and heavy metals are destructible and non-destructible, respectively. Accordingly, a treatment process should have a special property for remediation of both pollutants. Coagulation and Fenton processes have been proposed for elimination of dyes and heavy metals from industrial wastewaters (Akbal & Camcı ; Ghosh et al. ) . However, the efficiency of coagulation and Fenton processes is insufficient for complete removal of dyes and heavy metals. Nowadays, electrochemical processes have improved the processes of coagulation and Fenton under the names of electrocoagulation (EC) and electro-Fenton (EF). In this way, ferrous ions are electrochemically produced at the anode playing roles of both coagulation agent and catalyst for decomposition of hydrogen peroxide to generate hydroxyl radical as a powerful oxidant (E 0 ¼ 2.8 V) based on Equations (1)-(4) (Brillas et al. ; Ahmadi et al. ) . Previous studies showed that EF with iron anode is actually a combination of oxidation and a coagulation mechanism in which hydroxyl radicals and Fe(OH) n are produced (Altin ; Moradi et al. ) .
Recently, UV irradiation has been used in EF process for more generation of hydroxyl radicals according to Equations (5) and (6) (Kavitha & Palanivelu ) .
Photoelectro-Fenton (PEF) has a synergistic effect in more production of free radicals to destroy organic dyes. In this way, the coagulation mechanism corresponds to heavy metal removal, and coagulation along with oxidation mechanism corresponds to dye elimination. In PEF process, iron anode is used for treatment of various pollutants (Moradi et al. ) . However, in Fenton-based process, copper ion has also been used for decomposing of H 2 O 2 to produce hydroxyl radicals. Moreover, in contrast with classic Fenton, copper/H 2 O 2 performs in a wide range of pH (Gabriel et al. ; Bokare & Choi ) . Copper electrode can act in both roles of flocculation agent and catalyst as well as iron electrode. Copper electrode has been rarely used in electrochemical treatment for wastewater containing organic and inorganic compounds (Barrera-Díaz et al. ; Prajapati et al. ). On the other hand, simultaneous application of iron and copper anodes in electrochemical processes has not been studied for treatment of any pollutants.
In the current study, cadmium and Direct Orange 26 (DO26) were used as samples of heavy metal and dye, respectively. Cadmium (Cd) has been placed as a category-I carcinogen based on classification of the International Agency for Research on Cancer (IARC). Cd is toxic to the kidney and its exposure is by the oral route (Purkayastha et al. ) . DO26 is an azo dye with high solubility and low biodegradability which was selected as an organic pollutant. The PEF process with copper and iron anodes was applied for the first time to remove Cd and DO26 from aqueous solution. A monopolar arrangement of electrodes was used for concurrent use of iron and copper anode while the electrochemical cell was irradiated with UV-C. The main operational parameters of PEF, including pH, current density, H 2 O 2 dosage and electrolysis time, were investigated and the mechanism was discussed in detail. Moreover, the effect of the supporting electrolyte and the effect of chemical probe on Cd removal and decolorization were studied. Finally, the morphology and composition of electrochemical sludge were analyzed.
MATERIALS AND METHODS

Chemicals and reagents
Direct Orange 26 was provided from Alvan Sabet Co. with purity of 99%. The characteristics of the dye are presented in Figure 1 (a). Cadmium nitrate ((NO 3 ) 2 Cd) (99.9%), hydrogen peroxide (H 2 O 2 , 30%), sulfuric acid (96%), sodium hydroxide (99.9%) and sodium sulfate (99%) were purchased from Merck Company. Sodium chloride (99.99%), sodium nitrate (99.99%) and sodium phosphate (99.99%) were obtained from Aldrich Company. Ethanol (98%) was purchased from Razi Company (Iran). Sodium persulfate (PS) (98%) was obtained from Fluka Inc. All solutions were prepared with deionized water.
Photoelectro-Fenton set up
A cylindrical quartz reactor was used as an electrochemical cell with diameter of 7 cm and height of 25 cm. The electrolysis was carried out in an undivided and open cell. A 100 mg/L solution of cadmium and DO26 was prepared in 500 mL solution of 0.01 M sodium sulfate as supporting electrolyte. The temperature of solution was 25-27 W C. Two steel electrodes were applied as cathode with dimensions 0.1 × 2 × 15 cm. A copper electrode and an iron electrode were used as anode with the same dimension as the cathode, where 12 cm of them was submerged in the solution. The arrangement of electrodes was monopolar, based on Figure 1(b) . The inter-electrode distance between the electrodes was 1.5 cm. Effective surface area of the electrodes was 96 cm 2 . The solution pH was adjusted by sulfuric acid and sodium hydroxide (0.1 M). Two UV-C lamps (6 watt-Philips) were used as irradiation source, which were placed out of the reactor with distance of 3 cm. The irradiated light intensity was 1.18 mW/cm 2 at wavelength of 254 nm. In all experiments, the solution was magnetically stirred during electrolysis time. A digital DC power (0.000-2A and 0.0-20 V) was also utilized for supplying the current to the PEF process. Prior to beginning the PEF, a certain amount of H 2 O 2 was added to the solution to form Fenton's reagent. Introduced amounts of sulfuric acid, NaOH and H 2 O 2 were negligible compared with the total volume of the solution. With turning the UV lamp and DC power on, the PEF process was started for cadmium and DO26 removal. At regular time intervals, samples were withdrawn for cadmium and DO26 analysis. The effects of some anions and two real matrixes on Cd and DO26 removals were evaluated in various supporting electrolytes including NaCl, NaNO 3 and Na 3 PO 4 , and two matrices of tap water (pH ¼ 6.9, total dissolved solids ( All experiments were carried out in triplicate and the standard deviation obtained was less than 2.1%. In order to evaluate the sludge of PEF system, the generated sludge was separated by filter paper and dried at 115 W C for 12 h. The morphology, weight percent of element and organic bond were determined.
Analytical methods
The concentration of DO26 was measured by a spectrophotometer (DR-5000, HACH) at wavelength of 495 nm as absorbance maximum of DO26 in visible region. Cadmium concentration was measured by atomic absorption spectrometer (Analytik-Jena, 200). Detection limit of cadmium was 0.01 mg/L. The total organic carbon (TOC) of the solution was measured by TOC analyzer (Shimadzu, Japan). The morphology PEF sludge was observed by field emission scanning electron microscope (FESEM) (Mira 3-Xmu). A Fourier transform infrared (FTIR) spectrum of the sludge was recorded by using a Vertex 70 spectrophotometer (Bruker, Germany) with a resolution of 2 cm À1 . The energy-dispersive X-ray spectroscopy (EDS) was used to analyze the elements in the sludge.
RESULTS AND DISCUSSION
The effect of anode materials and solution pH
The effects of anode materials were investigated in three configurations including iron-copper anode, iron-iron anode and copper-copper anode. Figure 2 (a) depicts cadmium and DO26 removals in the PEF process in different configurations of anodes under conditions of pH ¼ 4.0, current density 5.0 mA/cm 2 , H 2 O 2 ¼ 3 mM and 40 min. As can be seen, iron-copper and iron-iron configurations could considerably remove cadmium and DO26. However, ironcopper had a slight preference especially in case of dye 
On the other hand, copper-copper configuration was relatively unsuccessful in coagulation of cadmium, with 52.3% removal, while other configurations provided more than 80% cadmium removal. These results can be associated with high performance of iron compared with copper in coagulation mechanism. According to the Schultz-Hardy rule, a greater charge of the cation increases the efficiency of agglomeration of particles (Kwak ) . Hence, trivalent iron had more effectiveness than copper. Regarding the results, the combination of copper and iron as anode gives a superior PEF for both mechanism coagulation and oxidation. According to the results obtained in terms of dye and Cd removals, iron-copper was selected as the best configuration. Hence, the consequent experiments were conducted using iron-copper anodes.
The solution pH plays a pivotal role in most water and wastewater processes with coagulation and oxidation mechanisms. The solution pH not only affects oxidation power of free radicals, but it can also be a determining factor in formation of coagulation agents. The effect of solution pH was evaluated in the range of 2-7 under conditions of current density of 3 mA/cm 2 , 3 mM H 2 O 2 and 40 min reaction time, and the results are presented in Figure 2 
As shown in this figure, with increase of pH, cadmium removal improved through precipitation of cadmium hydroxide. However, after pH of 4, this improvement was negligible. On the other hand, a reverse trend occurred for DO26 removal, in which decolorization was slightly decreased after pH of 4. This behavior can be related to the fact that iron hydroxides and complexes are formed, leading to deactivation of catalytic action of ferrous ions for production of hydroxyl radical (Hong et al. ) . It should be noted that at pH ¼ 2.0, decolorization decreased in comparison with pH values of 3.0 and 4.0. In the strong acidic conditions, protons can scavenge hydroxyl radical according to Equation (9). Likewise, H 2 O 2 in acidic conditions converts to peroxonium ion (Equation (10)) with high stability, reducing its reactivity with ferrous ion to generate hydroxyl radical (Hsueh et al. ) .
The solution pH was monitored during electrolysis. As shown in Figure 2(b) , the solution pH was significantly increased for all conditions, which was attributed to production of hydroxide ion at the cathode (Equation (2)). At pH ¼ 4.0 as the best condition for simultaneous removals of Cd and dye, final pH reached pH ¼ 6.7 (neutral condition), which can be an advantage for an electrochemical process. 
The effect of current density and UV
The current density determines the amount of metal as catalyst and coagulant agents in electrochemical processes. The effect of current density was evaluated in the range of 0-5.0 mA/cm 2 and the results are shown in Figure 3(a) . It was clear that increase in current density enhanced removal efficiencies of Cd and DO26 simultaneously. Increase in current density generates more iron and copper ions through corrosion of the anodes based on Faraday's law (Al-Shannag et al. ). The presence of iron and copper in forms of different valent states and hydroxides in the solution improved mechanisms of Cd and dye removals. Indeed, the greater the transition metals, the greater the decomposition of H 2 O 2 and coagulation agents. When no electrical current was applied to the system, obtained decolorization was 32.9%. This decolorization was related to the H 2 O 2 / UV system, in which hydroxyl radical was produced based on Equation (5) as oxidative agent for destroying the dye molecule. In this way, at current densities of 1.0, 2.0, 3.0, 4.0 and 5.0 mA/cm 2 , removal efficiencies of dye and cadmium were 64.3, 87.6, 93.3, 100 and 100%, and 26.6, 36, 46, 65.9 and 79.9%, respectively. Cadmium removal was linearly boosted by increase of current density, while complete decolorization was achieved at 4 and 5 mA/cm 2 . Figure 3 (b) depicts the effect of presence of UV irradiation in PEF under conditions of pH ¼ 4.0, current density ¼ 5 mA/cm 2 , H 2 O 2 ¼ 3.0 mM, time ¼ 40 min. In fact, two systems of PEF and EF were compared in terms of DO26 and Cd removals. As shown in Figure 3(b) , as expected, there was no difference in Cd removal in absence of UV, while dye degradation was reduced from 100% to 79.9% in absence of UV irradiation. As above-mentioned, UV can accelerate production of hydroxyl radicals based on Equations (5) and (6). In the case of Cu(OH) n , this behavior can be conducted for generating hydroxyl radical based on Equation (11) 
Hence, UV and current density were two main factors for activation of H 2 O 2 for generation of free radicals.
The effect of H 2 O 2 dosage
The hydrogen peroxide is the main factor of production of hydroxyl radical. The effect of H 2 O 2 dosage was assessed at different concentrations of H 2 O 2 . Figure 4(a) shows the Cd and DO26 removals in the PEF system with various dosages of H 2 O 2 . One can see that increase in H 2 O 2 dosage increased decolorization significantly. In this manner, decolorization was enhanced from 63.8 to 100% when H 2 O 2 dosage reached 3.0 mM. In absence of H 2 O 2 , decolorization corresponded to the coagulation mechanism in which Fe(OH) n and Cu(OH) n were generated. On the other hand, higher H 2 O 2 dosage increased production of hydroxyl radical species and consequently induced more degradation of the dye. However, dosages of higher than 3.0 mM exhibited a negative effect on decolorization, and the efficiency dropped from 100 to 92.3% in 5.0 mM H 2 O 2 . This phenomenon is attributed to the scavenging effect of H 2 O 2 at higher optimum dosage, in which it reacts with hydroxyl radicals and generates hydroperoxyl radical with less reactivity (Equation (12) In the case of cadmium removal, increase in H 2 O 2 dosage up to 3.0 mM did not change the efficiency of cadmium removal. But, an interesting result was observed in which cadmium removal was reduced by increase of H 2 O 2 dosage to (13) and (14). Sulfate radicals with redox potential of 2.5-3.1 V are able to destroy organic pollutants with selective character for reaction with organic compounds (Ahmadi & Ghanbari ) .
In order to compare with H 2 O 2 , PS was used in PEF, and their results are illustrated in Figure 4(b) .
Decolorization was enhanced by increase of PS dosage, in which complete decolorization occurred at PS dosages of 4.0 and 5.0 mM. Higher dosages of PS resulted in more generation of sulfate radicals and thence more dye degradation. Unlike H 2 O 2 , PS did not exhibit a scavenging effect at a dosage of 5 mM. However, to achieve complete color removal, H 2 O 2 needs lower dosage compared with PS.
PS had an interesting behavior similar to in terms of cadmium removal. At PS dosages of 4.0 and 5.0 mM, a reduction in efficiency was observed for Cd removal. In fact, the presence of high dosage of oxidants induces a slight disturbance in coagulation mechanism. This result needs further studies to determine the mechanism of this phenomenon. Herein, PEF as a hybrid process with two mechanisms has a synergistic effect compared with the integrated processes. However, operational parameters influence both mechanisms, which can be negative or positive. Therefore, optimizing of each parameter plays a critical role in the performance of the system in the hybrid process. On the other hand, in the integrated process (in two steps), operational parameters of each process have minimum impact on the next process. Hence, parameter optimization of the process is simple compared with the hybrid system.
The effect of electrolysis time and kinetic study
Electrolysis time and current density are major factors in electrogenerated metal based on Faraday's law. Figure 5(a) displays Cd and the dye removals during electrolysis time under conditions of pH of 4.0, 3.0 Mm H 2 O 2 and current density of 5 mA/cm 2 . Generally, increase of electrolysis time raised the amount of ferrous and copper ions, resulting in further removal of cadmium and the dye. In this way, 100 and 79.9% removals were obtained in 40 min electrolysis time for the dye and Cd, respectively. In order to investigate the kinetic model of both pollutants, first-order kinetic was evaluated based on Equation (15), and the related plot is illustrated in Figure 5(b) .
where C is cadmium and DO26 concentration at electrolysis time (mg/L), C 0 is initial concentration of cadmium and DO26, t is electrolysis time (min) and k is rate constant (min À1 ). As depicted in Figure 5(b) , first-order kinetic was well fitted for both pollutants, with R-squared more than 0.95. The rate constants of DO26 and Cd removals were 0.0907 and 0.0417 min À1 , respectively. One can obviously see that the rate constant of DO26 degradation was two times higher than that of Cd removal.
The effects of alcoholic scavenger and anions
In order to determine the role of hydroxyl radical in PEF, an alcoholic scavenger was used to suppress reaction of DO26 with hydroxyl radical. Ethanol (EtOH) has been widely used as a strong scavenger for hydroxyl radical, with reaction rate constant of 1.2-2.8 × 10 9 M À1 s À1 (Ghanbari & Moradi ) . In this study, 100 mM EtOH was added to the solution for evaluation of the role of HO • in decolorization of DO26. Control condition was the performance of PEF in absence of other scavengers and anions. Figure 6 displays the effect of presence of EtOH on rate constants of decolorization in the PEF system. As can be seen, in presence of EtOH, the rate constant decreased from 0.0907 to 0.0612 min À1 (30% reduction). This result indicated that hydroxyl radical contributed to the dye degradation. On the other hand, EtOH did not affect the rate constant of Cd removal, indicating that the coagulation mechanism was not under the influence of EtOH (Figure 6(b) ). Figure 6 (a) shows the effects of different anions on decolorization of DO26 in PEF. As can be seen, decolorization was slightly improved in presence of chloride ion. Although chloride ion scavenges hydroxyl radical (Equation (16)), in the electrochemical process, chloride ions can be converted to active chlorine species with oxidation ability of organics based on Equations (17) 
Moreover, the photolysis of HOCl produces hydroxyl and chloride radicals according to Equation (20), in which this influence developed the amount of HO • for cleavage of organic bonds of the dye molecule (Sichel et al. ) .
With respect to Figure 6 (a), in presence of nitrate and phosphate ions, reaction rate constants for decolorization of the dye were decreased. These anions can quench the hydroxyl radicals through electron transfer between anions and the radicals and produce nitrate and phosphate radicals (Equation (21)) whose redox potentials are lower than that of hydroxyl radical. Therefore, the decolorization was suppressed via reduction of HO • (Wei et al. ) .
It can be seen that no change was observed in tap water, indicating that constituents of tap water had no inhibitory effect on decolorization. Dye degradation rate in wastewater was slightly reduced. Due to the presence of various inorganic and organic compounds, decolorization was reduced by scavenging the hydroxyl radical. Moreover, these compounds compete with DO26 for reaction with hydroxyl radical. However, the performance of PEF in various conditions was considerable for DO26 removal. displays the effects of some anions on Cd removal. As can be seen, chloride, nitrate, tap water and wastewater had no inhibitory effect on Cd removal, while phosphate ions reduced the rate constant of Cd removal. Phosphate ions were disposed to react with ferrous and ferric ions in coagulation and precipitation processes. Indeed, the phosphate ion rivals Cd for forming complexes with iron species (Moradi et al. ) . Therefore, coagulating the cadmium was reduced in presence of phosphate ions.
Mineralization of DO26
Mineralization of DO26 was investigated by TOC removal in different processes under similar conditions, and the results are shown in Figure 7 . As shown in this figure, EC removed 54.8% of TOC, which was directly related to separation of dye from aqueous solution. The UV-assisted EC could not increase TOC removal compared with EC alone. This result indicated that UV is ineffective in absence of H 2 O 2 . In the EF process, 68.95% of TOC was removed, indicating that oxidation mechanism with HO • is able to destroy organic bonds. In this way, UV-assisted EF (PEF) increased TOC removal to 72.7%. With respect to these results, it can be deduced that the presence of oxidative agents (UV and oxidant) improved the mineralization of DO26. As can be seen, the size of coagulated particles was relatively small, enhancing the possibility of attaching of Cd and the dye to flocs. In Figure 8(a) , different dents were observed; at high magnification (Figure 8(b) ), it can be observed that these dents were sturdy particles with irregular forms. Figure 8(c) displays the EDS results with weight percent of the elements. As can be seen, the presence of carbon and cadmium in sludge is evidence for a coagulation mechanism for Cd and dye removals in the PEF process. Moreover, the presence of iron and copper in EDS analysis showed that both copper and iron hydroxides contributed to the coagulation mechanism. Moreover, higher iron content in sludge (19% W) compared with copper (12% W) indicated that iron species had more tendency to coagulation and precipitation compared with copper species, as expected. Figure 8(d) displays the FTIR spectrum of the sludge. FTIR analysis is a useful tool for identification of functional groups. As can be seen, two peaks appeared at 473 and 617 cm À1 , which were attributed to Fe-O and Cu-O bonds, which were coagulating agents. A sharp peak was observed at 1,109 cm À1 , which corresponded to C-O bond, including carboxylic acid and esters, which was driven by the degradation of the dye (Pavia et al. ) . Two peaks of 1,345 and 1,532 cm À1 indicated the presence of N ¼ O or R-NO 2 bonds in the sludge. Indeed, these peaks are representative of azo bonds in the dye (Jaafarzadeh et al. ). The peak of 3,134 cm À1 presents hydrogen bond, which can be related to hydrolysis of coagulant agents or organic intermediates such as carboxylic acid. The peak of 3,685 cm À1 indicates the presence of OH groups in free and H-bonded forms (Kumar et al. ) . These results showed that DO26 and its intermediates were coagulated by the PEF process.
Evaluation of PEF sludge
CONCLUSION
The PEF process with copper and iron anodes was effective for simultaneous removal of Cd and the dye. PEF benefits both mechanisms of oxidation and coagulation for removal of the dye and Cd. The conditions of pH ¼ 4.0, current density of 5 mA/cm 2 , 3 mM H 2 O 2 and 40 min electrolysis provided 100% color removal and 80% Cd removal. A scavenging effect was observed at higher dosages of H 2 O 2 while PS as an alternative to H 2 O 2 didn't have this behavior. Chloride ion improved the decolorization, while nitrate and phosphate suppressed the decolorization rate. A scavenging experiment indicated that hydroxyl radical contributed to decolorization. On the other hand, different anions and two matrixes (tap water and wastewater) had no significant inhibitory effect on Cd removal. The analysis of the electrochemical sludge showed that both copper and iron species contributed to the coagulation mechanism. Finally, PEF can be considered as a promising process to control any pollutants in contaminated water with different qualities.
